This study presents the complete genome sequence of Lactobacillus gasseri ATCC 33323, a neotype strain of human origin and a native species found commonly in the gastrointestinal tracts of neonates and adults. The plasmid-free genome was 1,894,360 bp in size and predicted to encode 1,810 genes. The GC content was 35.3%, similar to the GC content of its closest relatives, L. johnsonii NCC 533 (34%) and L. acidophilus NCFM (34%). Two identical copies of the prophage LgaI (40,086 bp), of the Sfi11-like Siphoviridae phage family, were integrated tandomly in the chromosome. A number of unique features were identified in the genome of L. gasseri that were likely acquired by horizontal gene transfer and may contribute to the survival of this bacterium in its ecological niche. L. gasseri encodes two restriction and modification systems, which may limit bacteriophage infection. L. gasseri also encodes an operon for production of heteropolysaccharides of high complexity. A unique alternative sigma factor was present similar to that of B. caccae ATCC 43185, a bacterial species isolated from human feces. In addition, L. gasseri encoded the highest number of putative mucusbinding proteins (14) among lactobacilli sequenced to date. Selected phenotypic characteristics that were compared between ATCC 33323 and other human L. gasseri strains included carbohydrate fermentation patterns, growth and survival in bile, oxalate degradation, and adhesion to intestinal epithelial cells, in vitro. The results from this study indicated high intraspecies variability from a genome encoding traits important for survival and retention in the gastrointestinal tract.
Lactobacillus gasseri ATCC 33323/DSM 20243, previously known as "F. Gasser 63 AM," is a strain of human origin and a normal inhabitant of the mouths, intestines, feces, and vaginas of juveniles and adults (64) . The bacterium is an obligate saccharoclastic, homofermentative organism, with an optimum growth at 35 to 38°C, and forms small rods with rounded ends from 0.6 to 0.8 by 3 to 5 m in size. L. gasseri is considered one of the true autochthonous species of the human intestinal "probiome," defined here as commensal intestinal bacteria considered to have a beneficial influence on human health. Depending on consumption habits and geographic location, L. gasseri has been determined to be one of the Lactobacillus species native to the human gastrointestinal tract (GIT) of neonates (102) and adults (85) . L. gasseri has also been described as a common member of the oral Lactobacillus biota (72, 91) , and it has been proposed that the oral cavity acts as a reservoir and source of intestinal lactobacilli (28) . Moreover, it has been proposed that the native Lactobacillus and Bifidobacterium microflora remains stable for life in a human being (85) , although other transient species can temporarily alter the human microbiome "fingerprint" when fed in high numbers.
The structure and composition of the GIT microbiome reflects natural selection at both microbial and host levels, in a complex and delicate symbiotic state. In fact, it has been proposed that the microbiota acts as a multifunctional organ that contributes to essential human functions, such as immunomodulation and digestion (104) . The GIT is sterile at birth but colonization begins immediately and is influenced by the infant diet, hygiene level, and other factors (38) . Colonization of the stomach and proximal small intestine is limited due to the presence of acid, bile, and pancreatic secretions, with bacterial numbers ranging from 10 1 to 10 3 CFU/ml. Bacterial density increases in the distal small intestine (10 4 to 10 7 CFU/ml) to reach its maximum in the colon (10 11 to 10 12 CFU/ml) (77) . L. gasseri has been regarded as a common autochthonous lactobacilli in the jejunum, as well as the ileum (85) .
Before 1980, L. gasseri was routinely classified as "L. acidophilus" since morphologically it differs only slightly from L. acidophilus and cannot be distinguished from L. acidophilus by the classical taxonomic characteristics, such as carbohydrate utilization, lactic acid isomer produced, etc. (64) . Originally, the L. acidophilus group was isolated from infant feces by Moro in 1900 and named "Bacillus acidophilus." Later, "Bacillus acidophilus" was included in the genus Lactobacillus. In 1980, L. gasseri was differentiated by DNA/DNA hybridization patterns from L. acidophilus and named after Francis Gasser, who studied lactate dehydrogenases of Lactobacillus species (44) .
Today, there are 479 draft-phase or completed genomes deposited in the phylum Firmicutes in the Bacterial Genome Database at the National Center for Biotechnology Information (NCBI). A total of 173 sequences belong to the order Lactobacillales; 45 are of the family Lactobacillaceae, with 43 of them of the genus Lactobacillus. The genome of L. gasseri ATCC 33323 was sequenced by the Department of EnergyJoint Genome Institute in collaboration with the Lactic Acid Bacteria Genomics Consortium (LABGC) (56) . This endeavor included sequencing of the genomes of 11 lactic acid bacteria (LAB) that are now publicly available at http://genome .jgi-psf.org/mic_home.html. In addition, the genome sequences of L. plantarum (61) , L. johnsonii (83) , L. acidophilus (4) , L. sakei (23) , L. salivarius (26) , L. delbrueckii subsp. bulgaricus (97) , and L. helveticus (22) have been published in the last 4 years. The LABGC project culminated with the analysis of Makarova et al. (68) that compared the genome sequences of L. gasseri, Lactobacillus brevis, Pedioccocus pentosaceus, Lactococcus lactis subsp. cremoris, Streptococcus thermophilus, Oenococcus oeni, Leuconostoc mesenteroides, L. casei, and L. delbrueckii subsp. bulgaricus. In silico analyses of similarities and differences at the species level within the Lactobacillus group revealed extensive similarities at DNA and protein levels between L. johnsonii NCC533 and L. gasseri ATCC 33323 (16) .
We sought here to present the annotated genome sequence of L. gasseri ATCC 33323, with emphasis on predicted functions that are likely to support the autochthonous nature of the organism in the human GIT. In addition, the phenotypic characterization of selected L. gasseri strains was carried out in order to compare the sequenced neotype strain to other strains and assess intraspecies diversity.
MATERIALS AND METHODS
Genome sequencing. Draft-phase genome sequencing was performed at the Joint Genome Institute, Walnut Creek, CA, under project 2662179 (http: //genome.jgi-psf.org/finished_microbes/lacga/lacga.info.html). The draft-phase assembly was finished by Fidelity Systems, Inc., Gaithersburg, MD, using direct genome sequencing (http://www.fidelitysystems.com/). The complete genome sequence of L. gasseri and its updated annotation are found at GenBank under accession number CP000413.
Bioinformatic analysis. The complete genome sequence was automatically annotated by an extended version of GAMOLA (1) . The gene model was adopted from the previously published gene model (68) . Sequence similarity analyses were performed with the gapped BlastP algorithm (5), utilizing the nonredundant database provided by the NCBI (ftp://ftp.ncbi.nih.gov/BLAST/db) and a custom database comprising the currently published and completed Lactobacillus ORFeomes. A functional classification was applied using the COG (clusters of orthologous groups of proteins) database (95) . Protein motifs were determined by Hmmer (http://hmmer.wustl.edu/) (32) using PFAM HMM libraries, with global and local alignment models (http://pfam.wustl.edu/) (11) and TIGRfam libraries with global and local alignment models (http://www.tigr.org /TIGRFAMs/) (48) . In addition, InterPro (http://www.ebi.ac.uk/interpro/) (71) and gene ontology (GO) information (http://www.geneontology.org/) (7) was deduced from Pfam and TIGRfam hits where appropriate and incorporated into the final data matrix. Structural information including determination of tRNAs (tRNAscan-SE) (67) and prediction of signal peptide cleavage sites (SignalP) (15) , transmembrane domains (TMHMM2) (62) , and terminator-like structures (TransTerm) (36) was subsequently added to form a comprehensive functional genome layout.
Genome visualizations were obtained by using Genewiz (79) . Sequence analyses were performed by in-house-developed software solutions. Metabolic pathway mapping using the ORFeome of L. gasseri ATCC 33323 was performed by using the software-suite PathwayVoyager (2) and the KEGG (Kyoto Encyclopedia of Genes and Genomes) online database (http://www.genome.ad.jp/kegg /kegg2.html).
A BLAST heat map based on the nonredundant BLAST database provided by the NCBI was constructed using in-house-developed software solutions. Briefly, the organism distribution on a genus level was identified for each predicted open reading frame (ORF). Corresponding e-values were grouped into ranges according to a customized window size. Threshold levels were defined for minimum overall frequency, and a strain or genus filter was applied where appropriate. The data visualization was realized by using SigmaPlot v9.01 (Systat Software, Inc., San Jose, CA) and by converting results into the long-form mesh data format.
Strains and culture media. The bacterial strains used in the present study are listed in Table 1 . Strains were propagated statically at 37°C in MRS broth (Difco Laboratories, Inc., Detroit, MI) or on MRS agar supplemented with 1.5% agar. Carbohydrate utilization analyses were performed by using the API50 CH tests (bioMérieux, Durham, NC) according to the manufacturer's instructions.
Tissue culture. Caco-2 (ATCC HTB-37; American Type Culture Collection) epithelial cells were used between the 40th and 60th passages. Tissue cultures were maintained as described before by Buck et al. (20) . All reagents used in maintenance of Caco-2 cells were obtained from Gibco (Gibco-Invitrogen Corp., Carlsbad, CA). Cells were grown on 15-mm Thermanox plastic coverslips (Nalge Nunc International, Rochester, NY) in treated Costar 12-well tissue culture plates (Corning, Inc., Acton, MA).
Adhesion assays. The adhesion of Lactobacillus strains was examined by using a modification of previously described methods (20, 25) . Briefly, cultures were grown in MRS from a 1% inoculum of an overnight culture. After 16 h, 10-ml aliquots were centrifuged, washed with fresh MRS, and resuspended in 6-ml of MRS medium. The optical density of the cultures at 590 nm (OD 590 ) was adjusted to 0.50 to 0.54, and then the cultures were diluted 1:1 with the same medium. Portions (200 l) of cells were applied to each plate well containing confluent Caco-2 cells, followed by incubation for 1.5 h at 37°C. After incubation, the monolayers were washed three times with phosphate-buffered saline (PBS), fixed with 1 ml of methanol, and Gram stained. Adherent bacterial cells were enumerated microscopically by examining 10 fields chosen randomly and averaging the results. Experiments were carried out in duplicate.
Growth and survival in bile. The growth of Lactobacillus strains was evaluated in MRS and MRS supplemented with 0.15, 0.25, 0.5, or 1% Oxgall (wt/vol; Difco) and automatically monitored by determining the changes in absorbance (A 600 ) as a function of time using a FLUOStar OPTIMA microtiter plate reader (BMG Labtech GmbH, Offenburg, Germany). The maximum specific growth rate was calculated from the slope of a linear regression line during exponential growth with a correlation coefficient (r 2 ) of 0.99. Each point represents the mean of three independent cultures.
Survival of early-log-phase (OD 600 ϭ 0.2 to 0.3) Lactobacillus cultures was examined in 7 and 10% Oxgall at pH 6 and pH 7. Cells were pelleted by centrifugation and resuspended in MRS broth (pH 6 or pH 7) or MRS broth supplemented with Oxgall. Cultures were held at 37°C for 10 min and then serially diluted and plated onto MRS agar by using a Whitley Automatic Spiral Plater (Don Whitley Scientific, Ltd., West Yorkshire, England). Survival was expressed as a ratio of survivors in Oxgall to survivors in MRS.
Survival in simulated gastric juice. Cells were grown overnight from a 1% inoculum in MRS. Aliquots (1 ml) were centrifuged, and the cells were washed three times with PBS (pH 7). The final pellet was resuspended in 1 ml of PBS, and 0.5-ml portions of cells were mixed with 2.5 ml of simulated gastric juice (24) . VOL. 74, 2008 GENOME SEQUENCE OF L. GASSERI ATCC 33323 4611
Aliquots (100 l) were removed at 0, 60, and 120 min and enumerated on MRS plates in duplicate. Degradation of oxalate. Decrease in oxalate concentration in culture supernatants was determined as previously described (8) with minor modifications. Lactobacillus strains were transferred two to three times in MRS containing 0.07 mM ammonium oxalate. Cells were then inoculated into the same medium, grown to an OD 600 of 0.6, centrifuged, and resuspended in MRS containing 7.0 mM ammonium oxalate. Oxalate concentrations in the supernatants were measured in triplicate by using the Oxalate kit (Trinity Biotech, County Wicklow, Ireland).
PFGE. Preparation of genomic DNA samples and pulsed-field gel electrophoresis (PFGE) analysis were carried out as previously described (27, 94) .
RESULTS AND DISCUSSION
General features and sequence comparison. The general features of L. gasseri ATCC 33323 are presented in Table 2 and Fig. 1 . The genome is 1,894,360 bp in size, does not present plasmids, and is predicted to encode 1,810 genes, accounting for 88% of the sequence. The GϩC content of the genome is 35.3%, which is similar to the GϩC content of its closest relatives, L. johnsonii NCC 533 (34%) and L. acidophilus NCFM (34%), and lower than all of the eight completed Lactobacillus genomes (38 to 49%), with the exception of L. salivarius UCC 118 (32%). Thirteen putative transposon or transposon-related genes were identified in the genome sequence of L. gasseri (see Table S1 in the supplemental material). This number is close to those for L. acidophilus (19) and L. johnsonii (18) but significantly lower than that for L. helveticus (n ϭ 225 [22] ). L. gasseri contains 75 tRNA genes, in accordance with the number of tRNA genes and genome size of Firmicutes (97) .
To investigate the broader phylogenetic position of L. gasseri to other genera, a BLAST heat map, excluding self-hits and based on the nonredundant BLAST database provided by the NCBI, was constructed by using in-house-developed software algorithms. The organism distribution on a genus level was identified for each predicted ORF and corresponding e-values were grouped into predefined ranges (Fig. 2) . Not surprisingly, the most dominant heat flare was observed compared to other Lactobacillus species. Interestingly, the genus Streptococcus revealed a second, dominant flare within the Lactobacillales, partially reflecting the large number of sequenced and draftphase genomes of this genus (41 at the time of analysis versus 3 for Lactococcus). When the heat map was restricted to one hit per genus (Fig. 2 , bottom panel), a slightly more balanced distribution was observed, with the genera Streptococcus, Lactococcus, Pediococcus, Enterococcus, Bacillus, Listeria, and Clostridium revealing a similar distribution pattern. It is noteworthy that only very few hits were found between e-values of 1e-190 and 1e-150, possibly indicating an ancient diversification and/or substantial gene loss/gain during evolution, as indicated by Makarova et al. (68) . Ancient divergence would yield significant levels of accumulated amino acid changes, resulting in reduced levels of similarities, whereas repeated cycles of gene acquisition and loss prior to further divergence would result in highly similar sequence levels. Also, the presumed ancient split from Bacillales would likely leave remnants of a conserved core genome, further contributing to the number of highly conserved sequences (e-values below 1e-150). Notably, within the phylum Firmicutes, only the genera Bacillus, Listeria, and Clostridium showed significant levels of similarities, rivaling those of Lactobacillales. An initial high-frequency core above e-values of 1e-80 and an isolated zone of highly conserved sequences (e-values below 1e-150) mirrored the Bacillus flare structure. Given the remarkable ability of Bacillus, Listeria, and Clostridium to survive in various environmental niches such as those co-occupied with lactobacilli, this observation might indicate an extensive level of directional gene transfer. Further analyses are required to investigate this close relationship between these two genera and whether the exchange of genetic information is uni-or bidirectional. Genera outside the phylum Firmicutes revealed only lowlevel similarities to L. gasseri, predominantly to Pseudomonas, Shewanella, Vibrio, Geobacter, and Burkholderia (not exceeding evalues of 1e-30), suggesting strong barriers toward interphylum horizontal gene transfer (HGT).
General metabolic pathways. Overall, genome similarity is highly significant (E Յ 1e-100) between L. johnsonii NCC 533 and L. gasseri ATCC 33323 given that ca. 50% of the predicted ORFs in L. gasseri show similarity to genes in L. johnsonii (58, 83) . Consequently, these species share a number of metabolic capabilities. L. gasseri shows a partial citrate cycle with a putative operon (LGAS_0850 to LGAS_0853) containing a fumarate reductase (frdA), fumarate hydratase (fumC), a malate FIG. 1. Genome atlas of L. gasseri ATCC 33323. The circle was created by using Genewiz (79) and in-house-developed software. The right-hand legend describes the single circles in the top-down outermost-innermost direction. Outermost first ring, gapped BlastP (6) results using the nonredundant database minus published lactic acid bacterial sequences; second ring, gapped BlastP results using a custom lactic acid bacteria database, excluding the highly similar L. johnsonii NCC533 (83) genome. In both rings, regions in blue represent unique proteins in L. gasseri, whereas highly conserved features are shown in red. The degree of color saturation corresponds to the level of similarity. Third ring, GϩC content deviation (green shading highlights low-GC regions, orange shading high-GC islands). Annotation rings 4 to 6, black vertical lines in the right-hand legend indicate ring-specific annotation grouping. Seventh ring, ORF orientation. ORFs in the sense orientation (ORFϩ) are shown in blue; ORFs oriented in the antisense direction (ORFϪ) are shown in red. Eighth ring, COG classification. COG families were assembled into five major groups: 1, information storage and processing; 2, cellular processes and signaling; 3, metabolism; 4, poorly characterized; and 5, ORFs with uncharacterized COGs or no COG assignment. Innermost ninth ring, GC-skew. Selected features representing single ORFs are shown outside of circle 1, with bars indicating their absolute size. The origin and terminus of DNA replication are identified in green and red, respectively. Three large genome islands harboring distinct features (EPS gene cluster and prophage makeup) have been highlighted with red trapezoids.
VOL. 74, 2008 GENOME SEQUENCE OF L. GASSERI ATCC 33323dehydrogenase (mdh), and a conserved unknown protein. The generated oxaloacetate could be then converted into phosphoenolpyruvate by the phosphoenolpyruvate carboxykinase (EC 4.1.1.49, LGAS_0149) or subsequently used in the biosynthesis of aspartate through an aspartate aminotransferase (LGAS_1143). Amino acid metabolism. In addition to the ability to synthesize aspartate from oxaloacetate, L. gasseri putatively dedicates three enzymes (LGAS_0854, ansA; LGAS_1760, asnA; and LGAS_0133, asnB) to the conversion of L-aspartate into Lasparagine. As in L. acidophilus NCFM (4), L. gasseri is also able to convert L-aspartate into L-homoserine and finally threonine through a cascade of five reactions (LGAS_1089, thrA2;
LGAS_1088, asd; LGAS_1087, thrC; LGAS_1086, thrA; and LGAS_1085, thrB). A putative threonine dehydratase (EC 4.3.1.19, LGAS_1436) could use L-threonine as a substrate to produce 2-oxobutanoate and ammonia. As in L. johnsonii, the pathway implicated in the generation of L-isoleucine, L-leucine and L-valine from 2-oxobutanoate, does not appear to be present in L. gasseri.
Nonessential amino acids have a central metabolic role in the human intestine, as was specifically demonstrated for glutamine, and its precursor, glutamate. In fact, there is evidence that glutamine, especially systemic glutamine, supports the function of the intestinal mucosal system (84) . In addition, glutamate is a key intermediate in the metabolism of amino acids in lactic acid bacteria since aminotransferases use this amino acid as the donor substrate of amino groups (40) . In L. gasseri, a glutamic-oxaloacetic transaminase (EC 2.6.1.1, LGAS_1143) might act on L-aspartate and 2-oxoglutarate to generate L-glutamate, which could then be converted to Dglutamate through a glutamate racemase (LGAS_0426) and to L-glutamine through glutamine synthetase (LGAS_1392) and glutaminase (LGAS_0504).
FIG. 2.
BLAST result distribution across the L. gasseri ATCC 33323 ORFeome. In both figures, the x axis (horizontal axis) shows all genera with at least 150 BLAST hits throughout the ORFeome. Genera are phylogenetically sorted based on a semidynamically reparsed phylogenetic tree obtained from the Ribosomal Database Project II (RDPII) (http://rdp.cme.msu.edu/hierarchy/hierarchy_browser.jsp), selecting NCBI taxonomy, level 10 genera display list, and set to include archaeal sequences. Bacterial or archaeal genera not covered within the RDPII data are entered and parsed from a separate data file, when appropriate. Phylogenetic distribution and grouping of genera is indicated using an ASCII based tree-abstraction. The y axis indicates the e-value ranges, and the z axis (color coded) represents the frequency of hits for each genus in each e-value range in log scale. Respective log color scales are indicated in each figure, whereby warmer colors indicate higher frequencies. The bottom panel uses a frequency cutoff of one hit per genus per ORF, effectively limiting the hit rate to the best BLAST hit found in each given ORF and genus. The top panel allows all BLAST hits per genus per ORF, accepting multiple genus hits per ORF.
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Like L. acidophilus, L. gasseri has the potential to generate L-cysteine from pyruvate and L-methionine from L-cysteine through the intermediates cystathionine and L-homocysteine. However, unlike L. acidophilus, the metabolic pathway necessary to convert L-aspartate into L-lysine does not appear to be complete in L. gasseri. Serine could also be directly generated from pyruvate. In addition, L. gasseri shows an almost complete pathway that could generate serine from glycerate through four enzymatic steps. A serine hydroxymethyltransferase (glyA, LGAS_0254) could potentially act on serine to generate glycine.
Purine and pyrimidine metabolism. The enzymes required to generate 5-phosphoribosyl-1-pyrophosphate (EC 3.6.1.13, LGAS_1211; EC 2.7.6.1, LGAS_0097 and LGAS_0208) are present in L. gasseri. In addition, some similarity was observed between ORF LGAS_1763 and a putative amidophosphoryltransferase (e-value 3e-23) from Chromobacterium violaceum, necessary to generate 5-phosphoribosyl amine. Six of the subsequent nine enzymes required to generate IMP seem to be absent in L. gasseri. However, ATCC 33323 could generate GMP, xanthosine 5Ј-phosphate, and AMP from IMP. A putative 5Ј nucleotidase (EC 3.1.3.5, LGAS_0440) could produce the corresponding nucleoside, substrates for the predicted nucleoside hydrolases LGAS_0874 and LGAS_0559. The pyrimidine requirements of cells can be satisfied either via de novo synthesis or via salvage of preformed pyrimidine bases and nucleosides provided by the surrounding medium. All of the necessary genes for de novo synthesis of purine samples appear to be present in L. gasseri ATCC 33323.
Metabolism of cofactors. The contribution of intestinal bacteria to the biosynthesis of vitamins and cofactors in the GIT was recognized as early as 1942 (21) . Specifically, the presence of a complete pathway for riboflavin synthesis, and the ability to produce and excrete small amounts of the compound has been reported in L. lactis (52) . Unlike L. johnsonii and L. acidophilus, L. gasseri presents a more complete, but still partial, pathway for the synthesis of riboflavin. A potential operon, not present in L. johnsonii or L. acidophilus (LGAS_0981 and LGAS_0980), contains the GTP cyclohydrolase II (ribA, EC 3.5.4.25) and riboflavin synthase (ribH, EC 2.5.1.9) enzymes required for the first and last steps in the synthesis of riboflavin from GTP. Only one enzyme, the 5-amino-6-(5-phosphoribosylamino) uracil reductase RibD, appears to be absent in L. gasseri. In addition, L. gasseri appears to be capable of converting riboflavin into flavin mononucleotide via riboflavin kinase (EC 2.7.1.26, LGAS_0820) and flavin mononucleotide to riboflavin via a putative phosphotyrosine protein phosphatase (EC 3.1.3.2, LGAS_1180).
Like most lactobacilli (41), L. gasseri appears to be incapable of de novo synthesis of NAD. The presence of two key enzymes, nicotinamidase (EC 3.5.1.19, LGAS_1097) and nicotinate phosphoribosyltransferase (NAPRTase, EC 2.4.2.11, LGAS_1542), indicates that this organism can utilize both nicotinate and nicotinamide to generate NAD. Similar to L. johnsonii, L. gasseri seems to be deficient for the enzymes required to synthesize thiamine, biotin, pyridoxine, and panthothenate. The specific sodium:panthothenate transporter could not be identified in L. gasseri by sequence analysis, but the necessary genes for the synthesis of coenzyme A from panthothenate are present.
Annotation for functions important in the GIT. (i) Sugar transport and metabolism.
The carbohydrate utilization repertoire of L. gasseri resembles that of L. johnsonii (83) , where the majority of the sugar transporters are devoted to the uptake of monosaccharides, disaccharides and, to a lesser extent, trisaccharides. The L. gasseri genome encodes 21 putative phosphoenolpyruvate sugar phosphotransferase systems (PTS), with predicted specificities for fructose, mannose, glucose, cellobiose, lactose, sucrose, trehalose, ␤-glucosides, and N-acetylglucosamine (GlcNAc) (see Table S2 in the supplemental material). In addition to PTSs, three putative sugar ATP-binding cassette (ABC)-type transport systems were identified with predicted specificities for maltose (LGAS_0214 to LGAS_0217), galactosides and/or pentoses (LGAS_0256 to LGAS_0258), and the third one with unknown specificity (LGAS_1607 to LGAS_1609). Genes coding for two glucose uptake permeases were also present (LGAS_0170, LGAS_1051), one of which may also transport ribose. Unlike the closely related species L. acidophilus and L. johnsonii, L. gasseri does not encode a lactose/galactose permease or a ␤-galactosidase. Instead, as previously noted by Pridmore et al. in L. johnsonii (83) , lactose uptake and intracellular hydrolysis are likely mediated by two PTS transporters (LGAS_0339-LGAS_0340, LGAS_0497-LGAS_0498) and four putative phospho-␤-galactosidases (LGAS_0182, LGAS_0341, LGAS_0499, and LGAS_0638), respectively.
Interestingly, of seven putative cellobiose PTS transporters identified in L. gasseri, only one has all of the structural components IIA (EIIA), B (EIIB), and C (EIIC) (encoded by LGAS_0189, LGAS_0191, and LGAS_0192, respectively) (see Table S2 in the supplemental material). The remaining six cellobiose transporters consisted of only the substrate-specific EIIC permease of a PTS system. A recent study showed that the expression of similar "orphan" cellobiose PTS EIIC components was induced in L. plantarum during passage through the mouse GIT model system (18) . One of these cellobiose PTS EIIC proteins, encoded by LGAS_0646, has no homolog among the lactic acid bacteria. Rather, this transporter showed 62 to 63% sequence identity to the PTS EIIC components from Enterococcus faecium (GenBank accession no. ZP_00604348) and E. faecalis (GenBank accession no. NP_815915), suggesting lateral transfer of sugar utilization genes among the cecal microflora.
The ATCC 33323 genome encodes 20 putative glycosyl hydrolases (Fig. 1) , mostly glucosidases and galactosidases, with predicted substrate specificities for a diversity of di-and trisaccharides. Two of these sugar hydrolases, a ␤-glucosidase (LGAS_0394) and a putative glycosyl hydrolase family 31 (LGAS_0517), have no homolog among the lactic acid bacteria. The former shared moderate sequence identity (ϳ40%) to the corresponding hydrolases from species of Bacillus, Clostridium, and Listeria, whereas the latter was found most closely related to glycosyl hydrolases from Clostridium and Salmonella (ϳ50% identity).
A putative neopullulanase or maltogenic amylase (LGAS_ 0211) was found encoded within the maltose/maltotriose utilization gene cluster (LGAS_0210 to LGAS_0218), which may potentially degrade pullulan, a linear polysaccharide consisting of maltrotriose units linked by ␣-1,6-glucosidic bonds. The enzyme shared 75 to 90% sequence identity to neopullulanases in L. johnsonii (accession no. NP_964228) and L. acidophilus (acces-VOL. 74, 2008 GENOME SEQUENCE OF L. GASSERI ATCC 33323 4615 sion no. YP_194702). A recent study showed that L. gasseri ATCC 33323 was unable to utilize pullulan as a sole carbon source (S. O'Flaherty and T. R. Klaenhammer, unpublished data). In addition, no amylolytic activity toward ␤-cyclodextrin was detected in culture supernatant or crude cell extract of ATCC 33323 (76) . However, the purified neopullulanase/maltogenic amylase was able to hydrolyze pullulan, ␤-cyclodextrin, and soluble starch (76) . Nevertheless, this enzyme lacks a signal peptide sequence, indicating its cytoplasmic activity toward lesser complex physiological substrates, such as maltotriose, that are more likely to be accumulated by the encoded sugar transporters.
To evaluate the diversity among L. gasseri strains and to further investigate the type of carbohydrate sources that are able to support the growth of L. gasseri ATCC 33323, the sugar utilization profile of the strain was assessed along with a group of eight human L. gasseri isolates from our culture collection by using the API50 CH test. The results summarized in Table S3 in the supplemental material showed that all L. gasseri strains were able to ferment glucose, fructose, cellobiose, trehalose, sucrose, GlcNAc, and esculin. Other hexoses and disaccharides, including mannose, galactose, tagatose, gentibiose, and maltose, and the modified ␤-glucosides amygdaline, arbutin, and salicin, were fermented at variable degrees among the strains. One of the L. gasseri strains, WD19 (originally isolated from a patient endoscopy), showed a similar sugar fermentation pattern to that of strain ATCC 33323, including its ability to utilize lactose and starch that were nonfermentable by the other L. gasseri strains. It remains to be determined whether the capability of L. gasseri ATCC 33323 to utilize starch as a carbon source is encoded by the maltose/maltotriose utilization gene cluster, particularly the involvement of the putative neopullulanase/maltogenic amylase as discussed previously.
The API50 CH analysis also revealed GlcNAc as a readily fermentable hexosamine among the L. gasseri strains. This aminosugar, along with N-acetyl-D-galactosamine, D-galactose, sialic acid, and L-fucose, is a component of the oligosaccharide side chains of epithelial mucin glycoproteins (74) . Thus, secreted mucin glycoproteins that pass through or present in the GIT represent another important nutrient source for the resident microflora. Although a limited number of intestinal species has been proved to be able to hydrolyze complex carbohydrates derived from gastrointestinal mucins (e.g., Ruminococcus torques and some strains of Bifidobacterium [51] ), a clear enrichment for genes involved in mucin degradation has been revealed in the ongoing microbiome metagenomics project (101) . Our study showed that supplementation of porcine gastric mucin as a sole carbon source did not support the growth of L. gasseri ATCC 33323 or any of the other L. gasseri strains (data not shown). In addition, enzymes that are required to degrade mucin, including neuraminidase, ␣-fucosidase, ␣-N-acetylgalactosaminidase, ␤-N-acetylglucosaminidase, or ␤-galactosidase, did not appear to be present in the genome of ATCC 33323. On the other hand, ATCC 33323 possesses at least one PTS transporter that likely participates in the cross-feeding of free GlcNAc moieties possibly derived from mucin degradation by other intestinal microbes. The resulting intracellular N-acetylglucosamine-6-phosphate would serve as a substrate for the metabolism of fructose, mannose, and amino acids, as well as for generating precursors that feed into the peptidoglycan biosynthetic pathway. Close examination of the aminosugar metabolic pathway of L. gasseri ATCC 33323 indicated the presence of an N-acetylmannosamine-6-phosphate epimerase, NanE (encoded by LGAS_1658), which is responsible for the conversion of N-acetylmannosamine-6-phosphate to N-acetylglucosamine-6-phosphate in the sialic acid utilization pathway. However, the absence of genes encoding an N-acetylneuraminate lyase and a N-acetylmannosamine kinase involved in the initial steps of sialic acid catabolism rules out the possibility of sialic acid being used as an energy source by L. gasseri.
None of the pentoses, sugar alcohols, or deoxysugars in the API50 CH studies were fermented by any of the L. gasseri strains or L. acidophilus NCFM. Although putative transporters were predicted for the uptake of ribose (see Table S2 in the supplemental material), L. gasseri was unable to use ribose as a carbon source. The apparent lack of genes encoding a transketolase and a transaldolase in the pentose phosphate pathway of ATCC 33323, the latter enzyme of which is also missing in L. acidophilus, rendered these strains incapable of assimilating ribose. Finally, no fermentation activity of the oligosaccharides melezitose or raffinose was observed among the L. gasseri strains. Unlike L. acidophilus NCFM, none of the L. gasseri strains were able to grow on the FFn-type fructooligosaccharides, a widely used prebiotics, as a sole carbon source. Furthermore, a recent study by Ward et al. (103) showed that L. gasseri ATCC 33323 was not able to ferment breast milk oligosaccharides. On the other hand, Martin et al. (69) investigated the presence of LAB in the breast milk of healthy women and identified most of the isolates as L. gasseri.
Despite the absence of ␤-fructosidase, inulinase, xylanase, arabinosidase, or other glycosyl hydrolases that are required for the utilization of complex carbohydrates in L. gasseri, its diversified PTS transporters and sugar hydrolases for monoand disaccharides imply its competitive fitness in the upper gastrointestinal environment, where these readily fermentable sugars are present. In L. plantarum, the expression of sugar PTS for sucrose, cellobiose, and N-acetylglucosamine/galactosamine, as well as several sugar hydrolases, was induced in situ in the GIT (18) . Similarly, in vivo induction of genes involved in the metabolism of ␤-glucosides were observed in Listeria monocytogenes and Streptococcus gordonii (42, 55) . These studies signify the importance of the noncomplex sugar utilization genes that not only fulfill energy requirements but may also be involved in other physiological functions that contribute to the survival and persistence of L. gasseri in the gut ecosystem.
(ii) BSH, bile transporters, and drug resistance. For enteric species, bile is a major component encountered in the GIT. Some species, including many probiotic bacteria, possess the ability to interact with and modify bile salts by hydrolyzing the amide linkage between their amino acid moieties and cholesterol backbones via bile salt hydrolases (BSH) (13) . L. gasseri contains similarity (LGAS_0051 to LGAS_0054) to a locus in L. acidophilus KS-13 and L. johnsonii 100-100 encoding a BSH (LGAS_0051; BshA) (Table 3 ) (34) . This region of similarity is syntenous with the sequenced genome of L. johnsonii NCC 533. In L. gasseri, the bshA gene is present in a putative operon with two transporters of the major facilitator superfamily, bstA and bstB. Putative homologues of these genes in L. johnsonii 100-100 were shown to play a role in bile salt transport (34).
Interestingly, there are two copies of one transporter gene, bstA, in the L. gasseri genome. One copy appears to encode only 137 amino acids of the N-terminal region of the protein, while upstream, the entire 252-amino-acid protein is present. The truncation in this locus is also evident in L. johnsonii NCC 533. Another BSH, LGAS_0965 shows a high degree of homology with the BSH in L. johnsonii NCC 533 and L. acidophilus. The homologue of this gene in L. acidophilus NCFM was shown to specifically hydrolyze bile salts conjugated to the amino acid taurine (70) .
The detergent-like properties of bile can be damaging to bacterial cell membranes, proteins, and DNA (12); therefore, the ability to tolerate bile in the GIT is a major requirement for intestinal strains. Mechanisms of bile tolerance are not well understood, but increasing numbers of sequenced genomes coupled with functional genomic analysis are promoting their elucidation. L. gasseri contains homology (LGAS_0711 to LGA_0713) to part of an operon in L. acidophilus NCFM that has been functionally shown to play a role in bile tolerance (81) . The proteins encoded by this putative operon in L. gasseri include a two-component regulatory system (2CRS) and a possible homologue of RelA, a protein that plays a role in gene regulation during times of stress. This putative operon also contains three hypothetical proteins not seen in L. acidophilus. Strains with mutations in the 2CRS and RelA homologue in L. acidophilus showed a significant decrease in recovery in the presence of bile (81) . Immediately upstream of this operon is a locus (LGAS_0706-LGAS_0707) containing homology to BilEAB, an ABC transporter in L. monocytogenes that plays a role in both bile efflux and virulence in this strain (90) .
Both the growth and the survival of L. gasseri were examined in the presence of bile. Figure 3 shows the reduction of the maximum specific growth rate ( max , h Ϫ1 ) with increasing concentrations of Oxgall in the culture medium. The analyzed strains were subjectively grouped according to their sensitivity to this compound in "high" ( max ϭ 0 at 0.25% Oxgall, Fig.  3A ), "medium" ( max ϭ 0 at 0.5% Oxgall, Fig. 3B ), and "low" ( max Ͼ 0 at 0.5% Oxgall, Fig. 3C ) concentrations. There was high intraspecies variability, with ATCC 33323 located in the "medium" group. As observed in Fig. 3 , the growth of all of the L. gasseri strains was reduced in MRS with 0.5% Oxgall, a concentration that had less of an effect on the growth of L. acidophilus NCFM (Fig. 3C) .
The survival of these species was also examined in MRS with 7 and 10% Oxgall at pH 6 and pH 7 (Fig. 4) . Previous work has shown the importance of pH in bile tolerance, with cell survival in bile decreasing with lowering pH (14) . The survival of L. gasseri in bile at pH 7 is comparable to that of L. acidophilus NCFM, but the ratio of L. gasseri survivors is approximately an order of magnitude higher at pH 6. No differences in survival were observed between MRS at pH 6 and pH 7.
It has been suggested that one of bile's antimicrobial properties is the ability of the bile salts to acidify the cytoplasm of a cell by passing through the membrane in protonated, uncharged, forms (29) . At lower pH, more bile salts are proto- VOL. 74, 2008 GENOME SEQUENCE OF L. GASSERI ATCC 33323 4617 nated and thus are able to enter the cell, where the proton dissociates from the bile salt, causing cytoplasmic acidification. It is possible that the genetic repertoire of L. gasseri encodes proteins that make it better able to tolerate this type of stress over L. acidophilus, but the mechanism of this tolerance is unknown. Multidrug transporters have received attention recently due to findings that they can play roles in the transport of substrates other than antibiotics, including bile and steroid hormones (82) . Overall, the L. gasseri genome contained 19 multidrug transporters (see Table S4 in the supplemental material), including 2 putative bile salt transporters (LGAS_0052 and LGAS_0054). While most of these transporters contained extensive homology to proteins in L. johnsonii and L. acidophilus, LGAS_1423 was most similar to the cyanobacterial genus Synechococcus. This similarity was weak, however, with only 25% identity to this protein.
LGAS_0976 contained similarity to a macrolide efflux protein in E. faecium, which could play a role in resistance to antibiotics such as erythromycin.
(iii) Cell surface structures. The cell surface of gram-positive bacteria contains a range of cell membrane-and cell wallassociated proteins and cell surface structures that directly affect the interactions of the bacteria with the host (17, 98) . Analysis of the L. gasseri genome revealed 271 predicted proteins with a putative signal peptide sequence. A putative cleavage site was detected for 134 of these proteins through the action of two predicted signal peptidases I (LGAS_0793 and LGAS_1116). Most of these proteins are predicted to be anchored to the membrane via a transmembrane helix or a Nterminal lipoprotein domain (see Table S5 in the supplemental material), whereas only seven are anchored to the peptidoglycan via an LPxTG motif.
With 14 putative mucus-binding proteins, the genome of L. gasseri has the greatest number of proteins of this family among the sequenced lactobacilli ( Fig. 1 and 5) . Six of them show a signal peptide (LGAS_0041, LGAS_0945, LGAS_0946, LGAS_1623, LGAS_1632, and LGAS_1699), and four of those (LGAS_0041, LGAS_0945, LGAS_1632, and LGAS_1699) are attached to the membrane via transmembrane domains and covalently anchored to the cell wall via the C terminus, since their sequences exhibit an LPxTG motif putatively cleaved by a sortase A (LGAS_0828). These predicted proteins contain 6 to 12 copies of a conserved mucus-binding domain (Pfam PF06458) at the C-terminal end and share similarities (1 Ϫ127 Ͻ E Ͻ e Ϫ31 ) with the MUB protein of L. reuteri 1063, shown to be involved in adhesion to mucin (86) , and with the L. acidophilus NCFM protein LBA1392 (1 Ϫ138 Ͻ E Ͻ 1 Ϫ16 ) that mediates adhesion to Caco-2 cells (20) . It is notable that eight additional ORFs were also identified that encode putative mucus-binding proteins, but these do not show a signal peptide (see Table S5 in the supplemental material). Among them, ORFs LGAS_0407, LGAS_1641, and LGAS_1624 appear to be truncated proteins, and resequencing of these regions confirmed the gene organization (data not shown).
LGAS_0407 and LGAS_1641 also contain the conserved domain "Rib/ alpha-like repeat" present in Rib and alpha surface antigens of group B streptococci (IPR012706) that have been shown to promote adhesion to human epithelial cells (92) . The presence of other putative mucus-binding proteins that did not show a signal peptide but that are predicted to have large extracytoplasmic domains indicates that they might be nonfunctional or that they might be secreted via another mechanism. In our study, proteins with predicted putative transmembrane domains, but no signal peptide, were considered nonsecretory proteins.
A predicted lipoprotein manganese/zinc ABC transporter (LGAS_1696) may also act as an adhesin, based on the presence of two amino acid repeats (IPR006128 and IPR006129), and similarities with adhesins PsaA and SsaB from Streptococcus pneumoniae and Streptococcus sanguis (43, 88) . The analysis of the L. gasseri genome also revealed the presence of FbpA, a putative fibronectin-binding protein (LGAS_1023) that may mediate adhesion of L. gasseri to fibronectin, a glycoprotein of the extracellular matrix of epithelial cells. Both proteins have homologs in the related species L. johnsonii NCC 533 and L. acidophilus NCFM.
Another interesting feature of L. gasseri's potential cell surface structures is the presence of a putative exopolysaccharide (EPS) gene cassette ( Fig. 1 and see Table S6 in the supplemental material). EPSs are carbohydrate polymers that can be secreted into the environment or remain attached to the cell wall. These polymers have been shown to influence adhesion properties of probiotic and pathogenic strains (87) . In particular, heteropolysaccharides consist of structurally identical repeated subunits composed of at least two different monosaccharides linked by different types of glycosidic bonds. Analysis of the genome sequence of L. gasseri revealed the presence of an EPS cluster composed of 16 genes (LGAS_1156 to LGAS_1172). As already described for other lactic acid bacteria (reviewed by De Vuyst and Degeest [30] ), the EPS region was organized into four functional regions: (i) a central region consisting of nine predicted glycosyl transferases (LGAS_1160 to LGAS_1169) specifically required for the addition of specific carbohydrates and the catalysis of specific glycosidic bonds; (ii) two regions flanking the central region encoding proteins putatively involved in polymerization and export (LGAS_1156 to LGAS_1159, and LGAS_1169 to LGAS_ 1171); and (iii) a regulatory region located at the beginning of the gene cluster (LGAS_1172). The unusually high number of VOL. 74, 2008 GENOME SEQUENCE OF L. GASSERI ATCC 33323 4619
glycosyltransferases (see Table S6 in the supplemental material) suggests that the potential synthesized polymer could be of a high complexity. As in L. acidophilus NCFM, the presence of two putative transposases (LGAS_1154 and LGAS_1155) downstream of the eps cluster and the low GϩC content of this region (29.9%) suggests that the EPS cluster was acquired via HGT. In addition to the glycosyltransferases involved in EPS synthesis, 18 other putative glycosyltransferases were also identified that were more likely involved in the synthesis of cell wall polysaccharides. All of the genes encoding glycosyltransferases in L. gasseri are highly conserved in L. acidophilus and L. johnsonii, with the exception of the glycosyltransferases in the EPS gene cluster, and LGAS_1543, potentially involved in biosynthesis of teichoic acid. This might provide specific surface properties to L. gasseri ATCC 33323. Jacobsen et al. (53) reported that adhesion of L. plantarum cultures to Caco-2 epithelial cells was strain dependent. The same phenomenon was observed with strains of L. casei (96) . In the present study, adhesion to Caco-2 by selected L. gasseri strains was investigated in order to assess strain diversity and to further characterize ATCC 33323. As observed for L. plantarum and L. casei, the adhesion of L. gasseri varied between strains (Table 4) . However, two clearly distinctive groups were identified within the analyzed L. gasseri strains. One group, which included ATCC 33323, adhered better but, overall, the L. gasseri strains showed a lower ability to bind to Caco-2 monolayers compared to L. acidophilus NCFM.
(iv) Degradation of oxalate. A unique feature of L. gasseri ATCC 33323, shared only with L. acidophilus NCFM and L. reuteri, is its capability to degrade oxalate. Oxalic acid is found in dietary sources (such as coffee, tea, and chocolate); it can also be produced by the intestinal microflora from metabolic precursors, such as ascorbic acid (75) . The normal western diet has an oxalate content of approximately 80 to 120 mg/day (50) . A total of 10% of the oxalate consumed is normally absorbed through the intestinal tract, and ca. 50 to 80% is degraded by bacteria to CO 2 and formate, which is later metabolized or directly excreted. When oxalate-degrading bacteria are absent, intestinal oxalate absorption is increased and, consequently, urinary oxalate excretion is elevated. Oxalate at high concentrations can cause pathological disorders, including hyperoxaluria, pyridoxine deficiency, urolithiasis, renal failure, and other disorders (49) .
Oxalobacter formigenes, a natural inhabitant of the GIT of vertebrates, including humans, is the best-characterized microorganism of the intestinal microbiota with an oxalate-degrading mechanism (31) . In addition, the gene encoding a novel oxalyl coenzyme A decarboxylase from Bifidobacterium lactis DSM 10140 was identified and characterized (39) . Moreover, we identified and functionally characterized an operon containing genes homologous to a formyl coenzyme A transferase gene (frc) and an oxalyl coenzyme A decarboxylase gene (oxc) in the genome of L. acidophilus (8) . The ability of L. gasseri ATCC 33323 to degrade oxalate was investigated in vitro (66) . The authors of that study, using reverse transcription-PCR, proved that frc and oxc genes are cotranscribed and confirmed that, as in L. acidophilus, oxc is induced by oxalate under mildly acidic (pH 5.5) conditions.
In the present study, oxalate degradation activity by L. gasseri ATCC 33323 was monitored and compared to selected Lactobacillus strains (Table 1 and Fig. 6 ). We observed a considerable variability in the oxalate-degrading properties of the analyzed strains. The screening allowed us to identify a number of strains degrading more than 50% of the oxalate added to the culture medium. L. gasseri ML3 had an oxalate-degrading activity comparable to L. acidophilus NCFM, while L. gasseri FR2, RF14, and RF81 proved to be the most active strains in oxalate degradation. No oxalate degradation was observed for L. helveticus, L. jonhsonii, and L. gasseri strains WD19 and ADH. L. acidophilus NCFM degraded 91% of total oxalate after 5 days. Although L. gasseri ATCC 33323 was not as effective, oxalate concentration in the supernatant decreased by 50% over the same period of time, results that are consistent with previous reports (66) .
(v) Resistance to stress conditions. According to Sanderson (89) , the intestinal environment results from three main factors: dietary intake, bacterial ecology, and physiology, including factors such as peristalsis and glandular secretions. A num- 
